Introduction
[2] The cold surge is one of the most conspicuous weather events in East Asia during winter, making a major impact on many socio-economical human activities. With the expansion of the Siberian High, extremely cold air piled up over the north of the Tibetan plateau is abruptly brought to East Asia in a few days. As understood so far, the East Asian cold surge originates from the upper tropospheric short-wave trough over Lake Baikal that grows as it propagates toward East Asia [Lau and Lau, 1984; Chen, 2002] . It is clear that the processes of its development and the modification of the trough are influenced by many climate variables. suggest that a strong Siberian High is an essential background condition for the cold surge occurrence. As an extension of their study, found that the Arctic Oscillation (AO [Thompson and Wallace, 1998 ]) influences the cold surge development through the variations of the Siberian High and upper tropospheric circulation. In addition, the variation of the upper level circulation is affected by tropical variabilities such as El Nino/Southern Oscillation Chen et al., 2004] and the Madden and Julian Oscillation .
[3] It is well known that a strong coupling exists between the stratosphere and the troposphere through vertically propagating planetary waves. The large-scale tropospheric circulation, which modulates the vertical propagation of planetary waves, would alter the stratospheric circulation in association with the Rossby wave breaking in the stratosphere that decelerates the stratospheric jet [Charney and Drazin, 1961] . Recently, however, the existence of the reverse process, i.e., the stratosphere controls on the troposphere, was suggested. Some observational analyses and numerical experiments presented the influence of stratospheric circulation anomalies on tropospheric circulations by downward propagation [Baldwin and Dunkerton, 1999; Christiansen, 2001] . Furthermore, several studies have viewed this influence as tropospheric responses to stratospheric perturbations. The stratospheric potential vorticity (PV) anomaly would lead to tropospheric dynamical adjustment processes that modulate the troposphere and near-surface weather [Hartley et al., 1998; Ambaum and Hoskins, 2002] . In light of this, the authors intend to examine the extent to which the origin of the cold surge is linked to the variability of stratospheric circulation.
[4] In this context, the authors have focused on the stratospheric influence on the cold surge occurrence over East Asia. In particular, this study searches for stratospheric precursory signals to the cold surge occurrence, by analyzing stratospheric PV anomalies and consequent tropospheric responses.
Data and Method
[5] In this study, the authors have utilized daily zonal and meridional wind, temperature, geopotential height (Z), and sea level pressure taken from the National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis [Kalnay et al., 1996] . The daily mean surface air temperature (SAT) of 172 Chinese and 5 Korean stations, respectively, derived from the China Meteorological Administration and the Korea Meteorological Administration networks, are used for determining cold surge occurrence. The analysis period is 43 winters (November to March) for the period 1958/59 -2000/01, considering the availability and quality of the data. To calculate a seasonal cycle, we firstly construct the simple mean of daily data for each 365 days during the entire analysis period, and then perform 31-day running means within ±15 days. Daily anomalies are obtained by subtracting the seasonal cycle from the raw data.
[6] The isentropic potential vorticity (IPV) is defined as
where g is gravitational force, f Coriolis parameter, r 3-dimensional gradient operator, q potential temperature, V 3-dimensional wind, and p pressure. Following the methodology of Hoskins et al. [1985] , we calculate the isobaric coordinate version of PV as
Then linear interpolation is applied to get the PV value on the constant isentropic (q) surface. Both the isobaric version of PV and IPV are used in the following.
[7] The authors have conducted lagged-composites of PV and related circulation anomalies to explore the precursory signals of cold surge occurrence. The East Asian cold surge is a synoptic-scale phenomenon, which shows distinct characteristics, so objective synoptic criteria are used to determine its occurrence. Following and additional modifications of , a cold surge occurrence is determined when the southeastern intrusion of the Siberian High, a surface anticyclone over southern Siberia (95°-110°E, 40°-50°N), is detected by the criteria of Zhang and Wang [1997] , and a decreased SAT value within two days exceeds 1.5 s (standard deviation of data) in mid China (110°-115°E, 32.5°-37.5°N) or south China (115°-120°E, 22.5°-27.5°N) accompanied by a strong northerly wind speed (!1.5 s) in mid China. Detailed descriptions of these criteria were given in Jeong and Ho [2005] . During 43 winters, 357 cold surges have been identified in total, i.e., 8.3 per year.
[8] Statistical significant tests are applied to composite maps calculated based on cold surge occurrences. Because of the large sample of 357 cold surge events, the significance test using the normal distribution is applied, and the regions where the composite values exceeding the 99% confidence levels are indicated.
Results
[9] To find the stratospheric variability as a precursory signal for cold surge in East Asia, for days À9 to À7 before its occurrence, the lag-composite anomalies of PV at the q = 500°K (approximately 20-km altitude) isentropic surface (IPV500; contour) and Z at 50 hPa (shaded) are examined ( Figure 1a) . The strong and statistically significant negative IPV500 and rising of Z are widely distributed over most Northern Eurasian continental regions for about one week prior to the cold surge occurrences. The time-vertical cross section of the PV anomaly and temperature anomaly in the central region of their change (boxed region in Figure 1a : 70°-105°E, 50°-70°N) are depicted in Figure 1b . The distinctive negative PV anomalies extend to the mid and lower stratosphere (10 -50 hPa) for the period from day À12 to day À2 ahead of the cold surge occurrence. At the same time, coherent strong warming emerges in the lower stratosphere (50 -300 hPa), which seems to propagate from the mid to lower stratosphere. Starting from day À6, significant signals also appear in the troposphere; strong cooling is obvious in the troposphere for a few days prior to the cold surge occurrence.
[10] Figure 2 indicates the vertical structure of stratospheric PV anomalies at 60°N averaged between day À9 and day À7 prior to the cold surge occurrence, and the corresponding atmospheric adjustments. In Figure 2a , there are strong negative PV anomalies from 10 to 50 hPa centered over Northern Eurasia. Just below the PV anomalies, strong positive q extends from the lower stratosphere to the troposphere, which implies the bending of the isentropic surface toward the troposphere in consideration of the vertical structure of q. The PV anomaly structure is consis- Figure 1 . (a) Composite anomalies of IPV at 500°K (contour; interval is 0.25, the regions where values significant at the 99% confidence levels are represented as thick closed contours) and Z (shaded; values significant at the 99% confidence level are represented as grey dots) at 50 hPa averaged over days À9 to À7 relative to the cold surge occurrence. (b) Vertical cross section of composite anomalies of PV (contour; interval is 1 PVU) and q (shaded) averaged over the boxed region in Figure 1a (70°-105°E, 50°-70°N) during days À17 to +2 relative to the cold surge occurrence. The dynamic tropopause levels (1.5 and 3 PVU in raw PV values) are indicated as thick grey lines. tent with the vertical structure of temperature anomaly which indicates that the maximum warming is located near 50 hPa. This would be associated with positive (negative) anomalies in static stability and PV below (above) 50 hPa, consistent with the PV anomaly structure. As Hoskins et al. [1985] suggested, the isentropic surface tends to bend toward positive PV anomalies. The present results coincide with their suggestion, but demonstrate rather an opposite situation. That is to say, the isentropic surface in the stratosphere bends toward the troposphere in association with a strong negative PV in the stratosphere.
[11] As expected from Figure 1 , regions of strong positive Z coincide with negative PV and are further stretched toward the upper troposphere (Figure 2b ). There should be strong southerly and northerly winds to the west and east of Z as a consequence of geostrophic balance. As seen in the figure, at the tropopause level (dynamic tropopause: 1.5 and
] of raw PV values), the anticyclonic and cyclonic anomalies of Z are shown alternatively over the region 30°-120°E. The tropospheric cyclonic anomalies centered at 60°E and 150°E are particularly distinctive in the troposphere. Combining these processes, a schematic diagram is simply depicted in Figure 3 .
[12] The above processes seem to provide the initial perturbation leading to a cold surge occurrence, with upper tropospheric responses growing into a strong baroclinic wave. As suggested by several earlier studies [Chen, 2002; Takaya and Nakamura, 2005] , these wave-train type disturbances, propagating across the Eurasian continent, reinforce the intensification of surface anticyclones by inducing strong cold advection. Therefore the stratospheric precursory signals sufficient for inducing these upper tropospheric disturbances can be essential for cold surge occurrences. Such an amplification procedure, the uppertropospheric perturbations bringing about cold surge occurrence, is clearly shown in Figures 4a -4c . Originated from the east-west oriented disturbances described in Figure 3 , the upper tropospheric (at the 300 hPa; contour) negative Z (i.e., trough) over western Russia (60°-90°E, 50°-75°N), positive Z (i.e., ridge) over Mongolia (90°-110°E, 35°-50°N), and another negative values over Korea and Japan (120°-140°E, 30°-45°N), are aligned in the northwestsoutheast direction on day À6 (Figure 4a ). The pattern is slightly shifted southeastward in the lower troposphere (at the 850 hPa; shaded), so that the Siberian High expands, followed by the upper tropospheric trough a few days later (Figures 4b and 4c) . Also, it is noted that, while propagating toward the East Asian coastal trough, these tropospheric disturbances form an apparent wave-train which tilts in the direction from south-west to north-east. The vertical cross- section along the passage of the wave-train shown in Figures 4d-4f bears the typical characteristics of a growing baroclinic wave structure. The westward tilting of Z in a vertical direction and the phase difference between q and Z are clear. During days À3 to 0, the anticyclonic anomaly (i.e., positive Z) in the lower troposphere penetrates into East Asia (100°-130°E in Figure 4f ) under the upper level trough (i.e., negative Z) with strong cooling in the troposphere, i.e., a cold surge occurrence.
Summary and Discussion
[13] The present study notes a possible stratospheric influence on initializing cold surge occurrences in East Asia. It is suggested that the stratospheric negative PV anomalies and subsequent tropospheric adjustments induce the initial disturbances for a cold surge occurrence. The dynamical processes in the stratosphere allow a much longer time-scale and/or memory than those observed in the troposphere. Therefore the understanding of the downward influence of the stratospheric perturbations can be useful for forecasting and alerting cold surges.
[14] Several previous studies have demonstrated the effects of such a stratospheric perturbation on near-surface weather. Principally, it is known that extreme cold events frequently occur over the northern hemispheric mid-latitude when the strength of the polar vortex becomes weaker [Baldwin and Dunkerton, 1999; Thompson et al., 2002; Cai, 2003] . Also, these have been viewed from the perspective of the AO/North Atlantic Oscillation. Baldwin and Dunkerton [1999] discovered the downward propagation of AO from the stratosphere to the troposphere and observed that considerable variation of the tropospheric AO is directly modulated by the stratospheric polar vortex regime. Black [2002] and Black and McDaniel [2004] documented this mechanism by applying piecewise PV inversion technique [Davis, 1992] , so that the tropospheric response to given stratospheric PV anomalies would reproduce the variation of the AO. Christiansen [2001] successfully simulated the downward propagation of stratospheric anomalies using a numerical model. Then, the resulting tropospheric AO can affect extreme cold air outbreaks over northern high-latitude regions. Overall, the result of this study is consistent with such an AO-extreme weather relationship. During the negative phase of AO, the stratospheric negative PV and rising of Z are prominent. Recent findings of , which revealed more frequent occurrences of cold surge in East Asia during the negative AO period, also support this.
[15] In the present study, composite analysis has elucidated an overall look at the stratospheric origins of cold surge occurrences, but how this stratospheric signal is reflected in individual cases remains to be investigated. For more comprehensive understanding and practical application, various case studies considering other relevant factors, and a numerical modeling approach using PV inversion, will be performed in further research.
[16] Acknowledgments. authors sincerely appreciate the critical and valuable comments made by two anonymous reviewers.
